Abstract Standard MRI cannot distinguish between radiation necrosis and tumor progression; however, this distinction is critical in the assessment of tumor response to therapy. In this study, one delayed radiation necrosis model (dose, 40 Gy; radiation field, 10 9 10 mm 2 ; n = 13) and two orthotopic glioma models in rats (9L gliosarcoma, n =8; human glioma xenografts, n = 5) were compared using multiple diffusion tensor imaging (DTI) indices. A visible isotropic apparent diffusion coefficient (ADC) pattern was observed in the lesion due to radiation necrosis, which consisted of a hypointense central zone and a hyperintense peripheral zone. There were significantly lower ADC, parallel diffusivity, and perpendicular diffusivity in the necrotic central zone than in the peripheral zone (all P \ 0.001). When radiation-induced necrosis was compared with viable tumor, radiation necrosis had significantly lower ADC than 9L gliosarcoma and human glioma xenografts (both P \ 0.01) in the central zone, and significantly lower fractional anisotropy than 9L gliosarcoma (P = 0.005) and human glioma xenografts (P = 0.012) in the peripheral zone. Histological analysis revealed parenchymal coagulative necrosis in the central zone, and damaged vessels and reactive astrogliosis in the peripheral zone. These data suggest that qualitative and quantitative analysis of the DTI maps can provide useful information by which to distinguish between radiation necrosis and viable glioma.
Introduction
Gliomas are the most common type of primary malignant brain tumors. Of these, glioblastoma multiforme (GBM) accounts for *50% of cases, and has a dismal prognosis (the median survival time is approximately 14 months) [1] . The standard therapy for malignant gliomas includes surgery, radiation therapy, and concurrent chemotherapy [2] . It is well recognized that radiation can induce injury to brain tissue that potentially causes necrosis within months to years after treatment [3, 4] . Unlike patients with tumor recurrence, who need alternative therapies, patients with radiation necrosis (treatment response) require the continuation of current therapy. Therefore, determination of tumor recurrence versus radiation necrosis has immediate clinical implications.
The differential diagnosis of radiation necrosis versus tumor recurrence in the clinic has been challenging, because their conventional MRI features are very similar, including gadolinium enhancement on T 1 -weighted (T 1 w) images, heterogeneous hyperintensity on T 2 -weighted (T 2 w) images, and mass effect [3, 4] . Although some interesting MRI patterns have been observed in radiation necrosis, such as the ''Swiss cheese appearance'' or the ''soap bubble pattern,'' these characteristics cannot reliably differentiate between radiation necrosis and tumor recurrence [5, 6] . Advanced MRI techniques, such as MR spectroscopy [7] , dynamic contrast-enhanced MRI [8, 9] , and many others [10, 11] , have been applied to distinguish between radiation necrosis and tumor recurrence. However, there is still no consensus about an MRI method that can clearly and reliably differentiate between these two entities.
Diffusion tensor imaging (DTI) measures the threedimensional diffusion of water in vivo. Clinically, this technique has been widely used to detect neurological diseases [12, 13] and characterize brain development [14] . Generated from DTI-based eigenvalues, fractional anisotropy (FA), isotropic apparent diffusion coefficient (ADC), parallel diffusivity (k // ), and perpendicular diffusivity (k \ ) have been shown to be sensitive markers for the characterization of radiation-induced white matter injury at as early as two weeks post-radiation [15] , and for the detection of radiation-induced delayed white matter necrosis [16] . Additionally, these DTI indices have been demonstrated to reflect the growth patterns of brain tumors and longitudinal changes with time [17] [18] [19] [20] . This study specifically addresses the differentiation between radiation necrosis and glioma by comparing their respective DTI features with histology in animal models. This study aims to: (1) characterize the diffusion properties of radiation necrosis and gliomas in animal models, (2) correlate these imaging features with histological evaluations, and (3) evaluate the diagnostic power of DTI to distinguish radiation necrosis from glioma.
Materials and methods

Brain glioma animal model preparation
Two tumor cell lines were used in this study. The Mayo GBM22 cell line (human glioma xenografts, provided by C. David James, Mayo Clinic) was established from resected GBM in humans, passaged serially as tumor xenografts, and cultured briefly prior to implantation into the rat brain [21] . The 9L gliosarcoma model was derived from nitrosoureainduced malignancies of glial origin. Compared to the 9L gliosarcoma model, the GBM22 tumor xenografts exhibited the essential characteristics of high invasiveness and necrosis [17, 22] , as are typically found in patients with GBM. Adult nude and Fisher 344 rats (male; 200-250 g; n = 5 and 8, respectively) were anesthetized with an intraperitoneal injection of 0.2 ml/100 g body weight of 2.5 mg/ ml of xylazine and 25 mg/ml of ketamine hydrochloride. Tumor cells (100,000 GBM22 cells in 2 ll for each nude rat; 25,000 9L gliosarcoma tumor cells for each Fisher rat) were stereotactically implanted into the right caudate-putamen area (3 mm lateral to the bregma and 4.5 mm deep from the skull). All experiments were approved by the Johns Hopkins Animal Care and Use Committee.
Radiation necrosis model preparation
Thirteen adult rats (Fischer 344; male; 250-300 g) were irradiated using a small animal radiation research platform [23] . The rats were anesthetized (4% isoflurane in O 2 in a box for about 5 min for induction, followed by 2-2.5% isoflurane through a nose cone during radiation) and immobilized in a custom-made plastic cranial fixation device, which supported gas anesthesia. A single, wellcollimated X-ray beam was delivered in a single dose of 40 Gy to a 10 9 10 mm 2 region in the left hemisphere under planar fluoroscopic image guidance, and the right hemisphere received a negligible dose. The radiation dose (40 Gy) has been proven to produce late necrosis without deaths or gross neurologic deficits [24] .
MRI data acquisition
Imaging experiments were performed on a 4.7T horizontal bore animal MR system (Bruker Biospin, Billerica, MA), with an actively decoupled cross-coil set-up of a 70 mm body coil for radiofrequency transmission and a 25 mm surface coil for signal reception. Briefly, rats were anesthetized with 5% isoflurane in a mixture of 75% air and 25% O 2 in a box for 5 min for induction, followed by 1.5-2% isoflurane through a mask. Rats were placed in a specially designed animal holder, in which their heads and bodies were fixed to the cradle with tape and ear pins. Rats in the magnet were monitored visually online through a small-animal monitoring and gating system, connected by fiber optics, and their breathing rates were maintained at 35 ± 10 breaths/min by adjusting the concentration of isoflurane. The rats underwent MRI scanning at days 26-28 (GBM22) and days 9-11 (9L) post-implantation, when the tumors were 3-5 mm in diameter. For the radiation model, the rats were monitored with anatomical MR images monthly until radiation necrosis was detected.
In vivo multi-slice images of rat brains were acquired in the horizontal plane (five slices; slice thickness 1.5 mm; field of view = 42 9 32 mm 2 ) and in the coronal plane (five slices; slice thickness 1.5 mm; field of view = 32 9 32 mm 2 ). T 2 w images were acquired using a fast-spin-echo sequence (echo train length = 4; repetition time = 3 s; echo time = 64 ms; number of averages = 2). Diffusion tensor images were acquired using a multiple-slice, multiple-spinecho diffusion-weighted sequence (in the horizontal plane; repetition time = 2 s; echo times = 26.3/36.7/47.1/57.5 ms; matrix = 128 9 96; resolution = 0.33 9 0.33 mm 2 ; number of averages = 2). Seven diffusion-weighted images with different b values were acquired (one image with b value = 50 s/mm 2 and the rest with b value = 625 s/mm 2 ). The images with the different echo times were averaged to improve the signal-to-noise ratio during data processing. Finally, T 1 w images (repetition time = 700 ms; echo time = 10 ms; number of average = 10) with and without gadolinium enhancement were acquired with the same geometry and location as the T 2 w images. The total image time for each animal was about 2 h.
Image analysis
The FA, ADC, k //, and k \ maps were generated by the DTIStudio v2.30 [25] . The relationships between these DTI indices and diffusion tensor eigenvalues (k 1 -k 3 ) were defined according to the following equations:
The regions of interest (ROIs) were manually drawn for quantitative analysis. First, the ROIs were placed in the whole radiation necrotic lesions and the whole tumor lesions, based on the contrast enhancement on the conventional Gd-T 1 w images or the signal abnormalities on the T 2 w images (if Gd-T 1 w was not available). Further, we found that radiation necrosis consisted of a hypointense central zone and a hyperintense rim on the ADC map. Therefore, two ROIs, the central zone and the peripheral zone, were also drawn on the ADC map for quantitative analysis. This was used to compare with tumors, where two ROIs were placed in the high-FA tumor peripheral zone and the low-FA central zone on the FA map. These ROIs were transferred to identical sites on other DTI index maps for each rat. ImageJ 1.43n (National Institutes of Health, Bethesda, MD) was used to evaluate the quantitative indices in all DTI maps.
Histopathology evaluation
Rats were sacrificed for histological evaluation after MRI scanning. Brain specimens were processed using the standard histological protocol. Briefly, rats were perfused through the left cardiac ventricle, with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. The rat brains were fixed in 4% PFA in PBS (pH 7.4) at 4°C overnight. The brains were sectioned and histological sections (10 lm thick) were stained with hematoxylin and eosin (H&E). Histological specimens were then analyzed within the regions that corresponded to the quantitative MRI measurements. Histological images were acquired by digital photomicrography, using a light microscope under 10-2009 magnification.
Statistical analysis
All results were expressed as mean ± standard deviation. The paired t-test was applied to evaluate statistical differences between the peripheral zone and the central zone of the lesion (radiation necrosis and glioma). A one-way analysis of variance (ANOVA) test, followed by the Tukey test, was applied to analyze the statistical differences in DTI values between radiation necrosis and gliomas.
The efficacy of DTI indices (FA, ADC, k // and k \ ) in the central zone and peripheral zone for the classification of radiation necrosis and tumors was initially evaluated by the univariate logistic regression analysis method. Then, the receiver operating characteristic (ROC) curve was applied to determine the cut-off values of the selected DTI indices and areas under the curves (AUC) for predicting radiation necrosis versus tumors. The best cut-off values were calculated to be those with a maximized Youden index (sensitivity ? specificity-1). All statistical analysis procedures were performed using the SPSS for Windows statistical package (Version 18, Chicago, IL). A P-value of \0.05 was considered to be statistical significant.
Results
Conventional MRI features of radiation necrosis
Radiation-induced necrosis began to appear at approximately 22-24 weeks post-radiation in all rats (n = 13). Two to three weeks later, a large necrotic lesion (a few mm in size; Fig. 1 ), which was heterogeneous on the T 2 w images and showed gadolinium enhancement on the postcontrast T 1 w images, as seen in the clinic, could be observed in the ipsilateral hemisphere.
DTI patterns of radiation necrosis and glioma
In all cases of radiation necrosis, the ADC signals were hypointense in the central zone of the lesion, with respect to the contralateral brain (Fig. 2) . The hypointense regions J Neurooncol (2012) 107:51-60 53 covered several ipsilateral white matter tracts, such as the external capsule, internal capsule, cerebral peduncle, and fornix. On the contrary, the ADC signals were hyperintense in the peripheral zone of radiation necrosis, compared to the contralateral brain. The hyperintense regions mainly included to the surrounding gray matter, such as the cortex, caudate putamen, and hypothalamus. On the FA map, a diffused hypointense lesion was observed on the ipsilateral brain, with respect to the contralateral brain. The ipsilateral white matter tracts seemed thinner and more hypointense than contralateral white matter tracts. In comparison, both GBM22 and 9L tumors were hyperintense and relatively homogeneous on the ADC maps (Fig. 3) . The FA maps showed that these tumors appeared as lesions of a central zone with low FA signal and a peripheral zone with high FA, as previously reported [17] . Consequently, on the DTI index maps, the diffusion patterns within radiation necrosis differed from those within gliomas.
A quantitative comparison between the DTI indices in the peripheral zone and the central zone for both radiation necrosis and viable gliomas is shown in Fig. 4 . In the case of radiation necrosis, there were significantly lower ADC, k // , and k \ values in the central zone than in the peripheral zone (all P \ 0.001); however, no significant difference was found for the FA values, as seen from the FA maps. In contrast, in the GBM22 tumor, the FA and k // values were significantly lower in the central zone than in the peripheral zone (P \ 0.001, P = 0.03, respectively). In the case of 9L gliosarcomas, the tumor central zone had significantly lower FA values (P = 0.047) and significantly higher k \ values (P = 0.01) than the tumor peripheral zone. No significant differences were found for the other DTI indices for these two tumor models.
DTI indices to distinguish between radiation necrosis and glioma
When the entire necrotic lesion was compared with the entire tumor lesion, the values of ADC, k // and k \ were significantly lower in radiation necrosis than in the 9L gliosarcoma (all P \ 0.01; Fig. 4) . No significant difference was found for FA (P = 0.083). However, there were no significant differences between the entire lesions of radiation necrosis and GBM22 tumors for all DTI indices, due to the fact that GBM22 was highly necrotic (spontaneous necrosis), as observed below in histology.
Radiation-induced necrosis was further compared with viable tumor in the central and peripheral zones (Fig. 4) . Radiation necrosis had a significantly lower FA than 9L gliosarcoma (0.31 ± 0.07 vs. 0.40 ± 0.08, P = 0.005) and GBM22 (0.31 ± 0.07 vs. 0.39 ± 0.06, P = 0.012) in the peripheral zone. For the ADC measure, radiation necrosis had a significantly lower value than both 9L gliosarcoma (0.64 ± 0.11 lm 2 /ms vs. 1.08 ± 0.12 lm 2 /ms, P \ 0.01) and GBM22 (0.64 ± 0.11 lm 2 /ms vs. 0.89 ± 0.19 lm 2 / ms, P \ 0.01) in the central zone. In addition, radiation necrosis had a slightly lower value than 9L gliosarcoma in 2 /ms vs. 1.05 ± 0.10 lm 2 /ms, P = 0.048). Furthermore, k // was significantly lower in radiation necrosis than in 9L gliosarcoma in both the central zone and the peripheral zone (both P \ 0.01). k \ was significantly lower in radiation necrosis than in 9L gliosarcoma and GBM22 in the central zone (both P \ 0.05). There were no significant differences for other comparisons between radiation necrosis and 9L gliosarcoma or GBM22. These results indicate that radiation necrosis had decreased water diffusion properties, compared to viable gliomas, particularly the 9L gliosarcoma. Note that the unique DTI patterns within radiation necrosis and tumors were not observed on the conventional T 2 w and Gd-T 1 w images. No other reference images could be used to draw the ROIs. Thus, the obtained results using DTI maps to define ROIs may be somewhat biased.
Univariate logistic regression analysis and ROC analysis were performed for all DTI indices to determine their predictive powers in distinguishing between radiation necrosis and glioma. It was found that FA values in the peripheral zone (P = 0.008), ADC and k \ values in the central zone (P = 0.035 and 0.044), and k // in both the peripheral zone and the central zone (P = 0.024 and 0.004) were significant predictors of radiation necrosis versus glioma. Table 1 summarizes the results of the ROC analysis for these selected DTI indices. The best parameter for the classification was k \ in the central zone (AUC = 0.98, cut-off value = 0.61 lm 2 /ms), followed by the ADC in the central zone (AUC = 0.96, cut-off value = 2.51 lm 2 /ms), and k // in the central zone (AUC = 0.91, cut-off value = 0.91 lm 2 /ms). The results indicate that the DTI indices in the central zone had a higher predictive power than the DTI indices in the peripheral zone.
Histological evaluations
It was observed that radiation caused considerable morphological changes, including the parenchymal coagulative necrosis, which was the cardinal characteristic of radiation necrosis, in the irradiated brain tissue (Fig. 5 ). These necrotic changes were found mainly in the white matter regions of the fornix, the external capsule, the internal capsule, and the cerebral peduncle. High-magnification histology showed the loss of normal brain tissue components, with vacuolation in the central zone of necrosis. In the peripheral zone of necrosis, there were randomly distributed necrotic cells, damaged vessels, hemorrhage, and reactive astrogliosis. In the GBM22 tumor (Fig. 5 ), there were high-density tumor cells in the tumor peripheral zone. It can be seen clearly that these high-density malignant cells were organized in a radial pattern (along a radius). As observed in high-grade brain tumors in the clinic, the GBM22 tumor central zone showed necrotic areas (spontaneous necrosis), corresponding to low FA values. On the other hand, the 9L tumor was composed of high-density tumor cells with round or fusiform shapes, high nuclear-to-cytoplasmic ratios, and deformed nuclei. In contrast to the GBM22 tumor, the 9L gliosarcoma displayed no spontaneous necrosis, and the entire tumor appeared to be solid highdensity tumor cells. A circular organization of tumor cells was observed in its peripheral zone. 
Discussion
Qualitative and quantitative DTI image analysis, as presented in this study, has clearly shown the distinctive imaging features of radiation-induced necrosis and viable glioma in rat models. Moreover, there is a close correlation between the DTI indices and the histological characteristics for these two pathologies. It has been recognized that organized microstructures with high FA exist in viable glioma, where the brain parenchyma has been destroyed, due to tumor cells proliferating rapidly and packing closely in a coherent way. This is supported by some early pathology experiments in humans [26] as well as several recent DTI observations, both in animals [17] [18] [19] [20] and in humans [27] [28] [29] . Interestingly, the FA maps reveal specific tumor cell arrangements within the peripheral zones of 9L and GBM22 xenografts (circular versus radial, respectively). On the other hand, radiation necrosis is associated with random microstructures, which reflects brain tissue necrosis and reactive reflection. Our results imply that FA has the potential to differentiate radiation necrosis from glioma with higher diffusion anisotropy.
The ADC is another important DTI index to measure the magnitude of water diffusion. Our preclinical results have indicated that the central zone of radiation necrosis is slightly hypointense (Figs. 2, 3) . The ADC values in the central zone were significantly lower in radiation necrosis than in either 9L gliosarcoma (with high density of tumor cells) or GBM22 (with spontaneous necrosis). This is because coagulative necrosis with fibrosis deposit (Fig. 5) is a major pathological change in the central zone of radiation necrosis. In this condition, the diffusion of water molecules is restricted in all directions due to decreased water content and obstacles from fibrosis deposit. On the contrary, the necrotic periphery shows a hyperintensity on the ADC map, which is associated with various complicated pathological changes, such as endothelial thickening, vascular dilation, and vasogenic edema [15, 16, 30] . Unlike radiation necrosis, there are consistently high ADC values in the entire glioma regions (Fig. 3) , which have been attributed to the increase in perivascular space and micronecrosis in the tumor [31] .
k // and k \ can provide additional information about the directionality of water diffusion. These indices have been used to characterize myelin and axonal damage in white matter diseases [31, 32] . In radiation necrosis, k // and k \ were significantly decreased in the central zone, compared to the peripheral zone, but the FA values were not different for these two regions. Our ROC analysis results showed that k // in the central zone and peripheral zone, as well as k \ in the central zone, all provide satisfactory diagnostic powers to classify radiation necrosis or gliomas. Their diagnostic powers are approximately equal to ADC's and higher than FA's. It seems that, rather than the FA, the use of the ADC, k // , and k \ , is better for distinguishing between radiation necrosis and glioma, although this needs to be validated further in patients who have more complex and histopathologically heterogeneous lesions.
When comparing radiation necrosis with glioma, it should be noted that the presence of spontaneous necrosis, commonly observed in high-grade gliomas, may be a confounder for radiation necrosis, because spontaneous necrosis would also be associated with low FA values, as observed in the central zone of the GBM22 tumor. Our results have shown that there are also different diffusion characteristics for the 9L and the GBM22 tumors, probably because of the spontaneous necrosis that leads to a very low FA value in the GBM22 central zone. Fig. 3 Comparison of the MRI features of radiation necrosis (26 weeks post-radiation), GBM22 (3 weeks post-implantation), and 9L gliosarcoma (9 days post-implantation). Radiation necrosis: on the ADC map, radiation necrosis is hypointense in the central zone and hyperintense in the peripheral zone. The lesion shows low diffusion anisotropy on the FA map. GBM22: the tumor is hyperintense on the ADC map. On the FA map, there is high diffusion anisotropy in the peripheral zone, with low diffusion anisotropy in the central zone. 9L gliosarcoma: The lesion is hyperintense on the ADC map. On FA map, it shows high contrasts and various degrees of high-level diffusion anisotropy within the tumor. Examples of ROIs, the central zone (1) and the peripheral zone (2), were drawn on ADC maps (for the radiation necrosis model), and on FA maps (for the GBM22 and 9L models). These ROIs were transferred to identical sites on other DTI index maps
It is important to note that there are currently contradictory reports on the differentiation of radiation necrosis from tumor recurrence in patients using the DTI indices. For example, Sundgren et al. [31] reported significantly decreased ADC, k // , and k \ values in radiation necrosis, compared to tumor recurrence, while no difference was found for FA. However, several other researchers reported increased ADC and decreased FA values in radiation necrosis, compared to tumor recurrence [33] [34] [35] . This disagreement may be attributed to several factors. First, the quantitative analysis in the clinic is usually done in new contrast-enhancing regions, where delayed radiation injury, irradiated tumor, and tumor recurrence may coexist. The disruption of the blood-brain barrier for these pathologies is indistinguishable using standard MRI. Moreover, it is always very difficult to have the exact correspondence between the ROIs for the DTI analysis and tissue sampling for pathology. Based on our findings (Fig. 4) , delayed radiation-induced necrosis consists of an ADC-hypointense central zone and an ADC-hyperintense peripheral zone, and increased and decreased ADC values can both be observed in the lesion, depending on the localization of the ROIs. In addition, it is know that the ADC values in brain tumors increase following treatment and drop to baseline when the tumors re-grow [36] . Therefore, the clinic results may differ between labs, as pointed out previously [31] . Second, clinical studies have reported that FA values differ within GBM, anaplastic astrocytoma, or pilocytic astrocytoma [12] . In particular, significant differences in FA were observed between grade-1 (mean FA: 0.150 ± 0.017) or Solid line indicates significant differences in DTI indices between radiation necrosis and tumor; dashed line indicates significant differences between the central zone and the peripheral zone. *P \ 0.05, **P \ 0.01, ***P \ 0.001 grade-2 (0.159 ± 0.018), and grade-3 (0.230 ± 0.033) or grade-4 (0.229 ± 0.033) gliomas [37] . Obviously, when these gliomas consisting of various grades (thus various DTI indices) are compared as a whole with radiation necrosis, the predictive powers of the DTI indices in the differentiation between these two lesions will be reduced, and the results will be varied in different labs. Care should be taken when translating our pre-clinical results to clinical practices. First, in the current preclinical study, we compared ''pure'' radiation necrosis with ''pure'' gliomas and further divided the lesions into the central and peripheral regions. However, ''pure'' radiation necrosis does not typically manifest itself in patients with gliomas because there is always an element of tumor cells left behind. Additionally, the relevant clinical question is typically ''tumor recurrence'' and not ''pure'' untreated gliomas. Moreover, radiation necrosis and recurrent tumor may often co-exist in patients. Second, radiation necrosis and gliomas are more heterogeneous in clinical conditions than in animal models. The strict periphery and central region observed in radiation necrosis are likely due to the well-controlled, focused radiation field in the current study. These characteristics are consistent with some previous reports of human cases [31] , but not always observed in lesions thought to be radiation necrosis [33] . In spite of such complicity in real clinical situations, our pre-clinical results could provide a clear, reliable reference for numerous ongoing investigations into DTI's ability to assess more heterogeneous radiation necrosis and gliomas in humans. In addition, our findings would be useful for the diagnosis of radiation-induced white matter necrosis in patients with nasopharyngeal carcinoma who have received radiation therapy [38] .
Finally, there are several technical limitations in this study. A limitation is that the diffusion-weighted images were acquired only in six gradient directions. It is known that errors in FA decreased with the number of diffusion gradient directions [39, 40] , so six was relatively small. Another one is that we reconstructed DTI maps by averaging the images over the different echo times to improve the signal-to-noise ratio [41, 42] . However, each echo technically has slightly different diffusion weighting due to the small extra contributions from crushers around 180°, read gradients, etc. These limitations may affect the precision and accuracy of DTI measurements.
In conclusion, our study suggests that delayed radiationinduced necrosis and viable glioma in rat models exhibit different DTI features. Particularly, the magnitudes and directionality of water diffusion are decreased in the central zone of radiation necrosis. DTI indices provide useful diagnostic information to distinguish between these two pathologies. These results may influence the clinical formulation of a treatment plan in the clinic.
